Various types of mesoporous silica, such as continuous cubic-phase MCM-48, hexagonal-phase MCM-41, and layer-phase spherical silica particles, have been synthesized at room temperature using cetyltrimethylammonium bromide as a surfactant, ethanol as a cosurfactant, tetraethyl orthosilicate as a silica precursor, and ammonia as a condensation agent. Special care must be taken both in the filtering of the resultant solid products and in the drying process. In the drying process, further condensation of the silica after filtering was induced. As the surfactant and cosurfactant concentrations in the reaction mixture increased and the NH 3 concentration decreased, under given conditions, continuous cubic MCM-48 and layered silica became the dominant phases. A cooperative synthesis mechanism, in which both the surfactant and silica were involved in the formation of mesoporous structures, provided a good explanation of the experimental results.
Introduction
Design and control of morphology and pore structure of nanostructured materials and catalyst support are of great importance for the green chemistry and renewable energy production because bulk materials and conventional catalyst support are not suitable for these aims. In 1992, scientists working for Mobil reported pioneering work on the synthesis of a series of ordered mesoporous silicas, M41S [1] [2] [3] . They explained the synthesis of the mesoporous silica using a liquid crystal template mechanism: an organic surfactant formed liquid crystal micelles, and inorganic precursors were subsequently polymerized on the template. These reports stimulated many researchers to study mesoporous materials because mesoporous silica was found to have many advantages, such as large pore size (3-10 nm), high surface area, and narrow pore size distribution. After further studies, an improved model was proposed, namely, a cooperative mechanism, in which inorganic precursors and organic surfactants were cooperatively involved in the formation of mesoporous silica [4, 5] . On the basis of this improved understanding, researchers have tried to control mesoporous structures by changing the molecular structures of the surfactants or by using additives. Continuous cubic (Ia3d) MCM-48 was synthesized by adding ethanol as a cosurfactant or by changing the type of surfactant from a mono-alkyl-chain quaternary amine salt to a gemini surfactant, based on the conditions for hexagonal (p6 mm) MCM-41 synthesis [6, 7] . As these types of conventional hydrothermal synthesis typically take place at higher temperatures, that is, close to 373 K, thermally stable products can be obtained. Postsynthesis treatments, such as filtering, washing, and drying at 373 K, therefore, do not affect the structure of the mesoporous silica.
Various types of mesoporous silica thin films and spherical particles have recently been synthesized at room temperature by an evaporation-induced self-assembly (EISA) method and by a modified version of the Stöber method. In the EISA method, mesoporous silicas were synthesized under acidic 2 Journal of Nanomaterials conditions using cetyltriethylammonium bromide (CTEABr) or cetyltrimethylammonium bromide (CTABr) as the surfactant [8] [9] [10] [11] [12] [13] . The modified Stöber method was adopted for the synthesis of mesoporous silicas with various pore structures, such as MCM-41 and MCM-48, under basic conditions [14] [15] [16] [14, 15] . There has been little research on the control of pore structures by adjusting the preparation procedure. There is therefore considerable scope for investigation of mesoporous silica synthesis, particularly, in terms of porestructure control.
In this study, various types of mesoporous silica were synthesized under a wide range of experimental conditions, based on the modified Stöber method. Unlike hydrothermal synthesis at high temperature, special care must be taken after filtration of the resultant reaction product to set up a reliable experimental procedure. Based on this procedure, experimental factors, including the molar ratios of ethanol, water, and ammonia, were investigated and correlated with the product mesostructures. A good interpretation of the experimental results was given by a cooperative synthesis mechanism.
Experimental Section

Mesoporous Material Synthesis.
This synthesis method was a modification of the Stöber method used for the preparation of nonporous silica spheres [17] . The mesoporous silica samples were prepared using tetraethyl orthosilicate (TEOS, Aldrich) as the silica source, cetyltrimethylammonium bromide (CTABr, Aldrich) as the surfactant, ethanol (EtOH, Junsei) as the cosurfactant, ammonia solution (NH 3 , 28 wt%, Junsei) as the agent for silicate condensation, and deionized water as the solvent.
In a typical synthesis, CTABr (0.9 g) was dissolved in deionized water (57.5 g). EtOH (23.4 g) and TEOS (2.7 g) were added to the solution. Finally, 28 wt% ammonia solution (15.4 g) was added dropwise to the reaction mixture, over a period of 30 min, with vigorous stirring. The typical molar composition of the reaction mixture was TEOS : CTABr : EtOH : NH 3 : H 2 O = 1.0 : 0.2 : 40 : 20 : 300. When the addition of the ammonia solution was completed, the reaction mixture was stirred for an additional 2 h, prior to aging under static conditions for 2 h. After the aging step, the reaction mixture was filtered and a solid product was obtained, with or without washing. The solid product was then dried in an oven for 72 h at 298 K. The molar composition of the reactant mixture was as follows: (
The as-synthesized mesoporous silica samples were calcined at 823 K for 4 h in an oxygen environment to provide the final products. Figure 1 shows the effects of water washing after filtration of the reaction mixture in mesoporous silica formation. The two samples shown in Figure 1 have identical reactant compositions. They underwent identical synthesis procedures, apart from washing. When the washing procedure was not applied to the resultant silica product after filtration, wellordered MCM-48 phase (Ia3d) was obtained, as shown in Figure 1 (a). However, washing converted the well-ordered mesoporous silica into poorly ordered one, as shown in Figure 1 (b). Unlike the product obtained by hydrothermal synthesis, in which condensation of the silicate precursors is accomplished during thermal treatment, the silica-surfactant mesostructure obtained by room-temperature synthesis was fragile enough to be destroyed by simple water washing, as a result of the absence of heat treatment. This indicates that the silicate condensation reaction did not reach the completion stage, despite the use of ammonia as a silicate condensation agent. This strongly suggests that additional reaction time is necessary during room-temperature synthesis for further silicate condensation. In order to identify factors which would enhance the condensation conditions for the filtered mesoporous silica, the drying conditions were initially investigated. Figure 2(a) demonstrates that drying at room temperature for 3 d in an oven produced well-resolved peaks corresponding to the The water vapor in the environment may prevent further condensation of silicate within the mesoporous structure. The optimum drying time was chosen from the results shown in Figure 3 . All of the samples were dried under ambient conditions. The peak intensity in the XRD pattern, which is associated with the structural order of MCM-48, increased as the drying time increased to 72 h. When the total drying time was increased to 168 h (7 d), however, the intensity of the XRD peak decreased slightly. Consequently, the optimum drying time was fixed at 72 h under ambient conditions. These experimental results indicate that filtered mesoporous silica samples must be kept in a drying oven at room temperature for at least 3 d, without washing, to obtain reproducible synthesis of mesoporous silica at room temperature.
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Change of Mesostructure with Synthesis Mixture Composition.
Based on the synthesis procedures described above, other synthesis conditions, in this case the molar ratio of H 2 O and EtOH with respect to TEOS, were investigated for the formation of mesoporous silica. Figure 4 shows the effect of the amount of water in the solution on the formation of mesoporous silica. As the H 2 O : TEOS molar ratio in the reactant mixture increased from 200 to 400, the silica mesostructure changed from continuous cubic (Ia3d) MCM-48 to hexagonal MCM-41. It is well-known that a decrease in the surfactant micelle concentration induces a structural transformation from continuous cubic MCM-48 to hexagonal MCM-41 [5] [6] [7] . The present experimental results are consistent with previously reported results. A change in the surface curvature of surfactantsilica micelles may explain this result. The curvature of the surfactant-silicate micelles in hexagonal MCM-41 is higher than that for continuous cubic MCM-48. Thus, a decrease in the surfactant-micelle concentration under a given condition increases the surface curvature, which results in a change in the mesostructure from low-curvature MCM-48 to highcurvature MCM-41. Figure 5 shows the effects of the EtOH molar ratio in the reaction mixture on the formation of mesoporous silica. As the molar ratio of EtOH in the reactant mixture decreased from 40 to 20, the silica mesostructure changed from continuous cubic (Ia3d) MCM-48 to well-ordered hexagonal MCM-41. If EtOH was used as the solvent in this reaction mixture, the increase in the EtOH molar ratio would reduce the surfactant-micelle concentration, and a mesostructural transformation from MCM-41 to MCM-48 would normally occur. However, the experimental results showed that an increase in the EtOH molar ratio induced a transformation from MCM-48 to MCM-41. This indicates that EtOH acted not as a solvent but as a cosurfactant. Thus, EtOH appears to be incorporated inside the hydrophobic region of the micelle. The incorporated EtOH increases the volume of the hydrophobic portion, and this volume increase induces a decrease in the degree of micelle curvature. Bearing in mind previous results, in which addition of EtOH to the reaction mixture was a typical means of synthesizing MCM-48 in the hydrothermal synthesis method [6] , the transformation of the mesostructure from MCM-41 to MCM-48 on addition of EtOH, as shown in Figure 5 , further illustrates the consistency of the present result with those in previous reports.
From the XRD patterns of Figure 5 , the mesopore structure of sample (a) can be assigned to MCM-41 and that of sample (b) can be assigned to MCM-48. To confirm mesopore structures, TEM images of samples corresponding to Figures 5(a) and 5(b) were obtained and displayed as shown in Figure 6 . As expected in the XRD pattern, sample (a) shows well-aligned one-dimensional pores corresponding to MCM-41 structure. TEM image of sample (b) displays 3-dimensional pore structure corresponding to MCM-48. It means that mesopore structures assigned by XRD patterns were confirmed by TEM images. N 2 adsorption-desorption isotherms and their pore size distributions by BJH method for sample (a) and sample (b) were displayed in Figure 7 . Typical type IV isotherms without hysteresis and corresponding pore size distributions indicate that these samples contain mesopores and their pore size was around 3 nm. Considering the XRD patterns, TEM images, and N 2 adsorption-desorption isotherms, the mesopore structure of each sample was clearly confirmed.
In addition to the experimental conditions displayed in Figures 4 and 5 , a wide range of EtOH and H 2 O molar ratios were investigated. These results are summarized in Figure 8 . At a low molar ratio of EtOH (∼20), the hexagonal MCM-41 structure was dominant. As the EtOH ratio increased, a low-curvature mesostructured silica, MCM-48 or a layered structure (LS), was synthesized [4, 6, 16 ]. An increase in the amount of H 2 O and a decrease in the amount of EtOH tend to change MCM-48 to MCM-41 or LS to MCM-48. These types of transformation were mainly attributed to an increase in the surfactant-silica curvature. In contrast, a decrease in the amount of H 2 O and/or an increase in EtOH reduces the surface curvature of the silica micelle, turning MCM-41 into MCM-48 and MCM-48 into LS.
In most cases, the as-synthesized mesoporous silica retained its structure after calcination. However, in some marginal conditions between MCM-48 and MCM-41, indicated as a coexistence zone between MCM-41 and MCM-48, the as-synthesized MCM-48 became MCM-41 after calcination, as shown in Figure 9 . This indicates that further silicate condensation occurred; the increased curvature of the mesostructured silica probably produced MCM-41 instead of MCM-48. This result may be one of the evidences supporting the cooperative mechanism [4, 5] . Figure 10 shows the effects of the NH 3 molar ratio on formation of the silica mesostructure. As the molar ratio of NH 3 in the reaction mixture increased from 10 to 30, the 6 Journal of Nanomaterials Scheme 1: The surface curvature change of the silica-surfactant micelle assembly depending on the EtOH amount and the silica particle size, controlled by NH 3 concentration.
silica mesostructure changed from undefined silica to MCM-48 and finally to MCM-41. Although Figure 10 (a) shows an undefined mesostructure, Figure 10 (b) displays a distinct transformation from MCM-48 to MCM-41. As is the case with H 2 O, the increase in the NH 3 molar ratio increases the curvature of the surfactant-silica micelle. The role of NH 3 , however, appears to differ from that of H 2 O. NH 3 was used as a silicate condensation agent, and its concentration is closely related to the particle size of the silica incorporated in the micelle. A high concentration of NH 3 may increase the silica particle size. Thus, the surface curvature of the micelle increased and eventually caused transformation of MCM-48 to MCM-41. All the present experimental results can be interpreted by the proposed surfactant-silica micelle model shown in Scheme 1. As EtOH was a cosurfactant, an increase in the EtOH molar ratio resulted in a decrease in the micelle curvature. The decrease in the silica particle size due to the Journal of Nanomaterials 7 low NH 3 concentration also reduced the degree of micelle curvature. Thus, the surface curvature of the silica-surfactant micelle in this case transformed the silica mesopore structure from MCM-41 to MCM-48.
Conclusion
Mesoporous silica materials were synthesized at room temperature using TEOS as the silica source, CTABr as a surfactant, ethanol as a cosurfactant, and ammonia as an agent for silicate condensation. The pore structure of the mesoporous material was controlled by changing the reaction mixture composition. Unlike the case in conventional hightemperature synthesis of mesoporous silica, the drying process after filtration requires special care to assure reproducible experimental results.
